INTRODUCTION {#sec1-1}
============

New drugs, particularly those from herbal sources, are promising modalities for treatment of a variety of malignancies. Based on the ancient and modern Chinese herbal medicine literatures, there are many anti-cancer plants or herbal formulations, which could provide a guide for identification of new anticancer compounds or a source of alternative cancer therapy. It is widely accepted that those drugs have low toxicity, so they may be a better alternative choice in treatment of cancer.\[[@ref1]\]

*Cordyceps militaris* is a caterpillar-shaped Chinese traditional medicine, which has been used for patients suffering from cancer in oriental medicine. It is an ascomycete that invades the pupae in the ground and that remains a worm during the winter and transforms into a mushroom in the summer. In recent years, a wide range of chemical compounds, constituents analysis and pharmacological activities has been reported for *C. militaris*, whose activities include immunomodulation,\[[@ref2]\] antitumor,\[[@ref3]\] anti-inflammation,\[[@ref4]\] etc., Evidence from both *in vivo* and *in vitro* experiments demonstrated that extracts of *C. militaris* can inhibit the proliferation of human tumor cell lines, including colon 205, PC-3 and HepG2 cells.\[[@ref5]\] These extracts exhibited antitumor effects mainly through induction of apoptosis in tumor cells, inhibition of angiogenesis and suppression of invasion and metastasis.

Although the extracts of *C. militaris* have been shown to be very effective in inhibiting a variety of solid tumors, few studies have reported their effects and the possible mechanisms associated with human chronic myeloid leukemia.

During the course of our extensive investigating program on cultured *C. militaris*, a novel, efficient and accurate fingerprint method using high-performance liquid chromatography-photodiode array detection (HPLC-DAD) was reported for the quality control of cultured *C. militaris*.\[[@ref6]\] In the present study, we investigated the effects of *C. militaris* fraction (CMF) on K562 cells *in vitro* for the first time. We analyzed the cytotoxicity, cell-phase arrest and apoptosis, as well as mitochondrial function related to mitochondrial membrane potential and oxygen consumption. The results showed that CMF significantly inhibited the proliferation and induced caspase-dependent apoptosis associated with mitochondrial dysfunction in K562 cells, and indicated that CMF has the potential to be an effective chemotherapy agent.

MATERIALS AND METHODS {#sec1-2}
=====================

Plant material and fraction preparation {#sec2-1}
---------------------------------------

Cultured *C. militaris* was purchased from Honghao Biological Company of Jiangmen, Guangdong, China. The samples were prepared according to our previous report\[[@ref6]\] with some improvements as follows: 1.0-g powder of dried materials was precisely weighed and put into a 50 ml volumetric flask. Approximately 20 ml of water was added to the flask, which was subsequently sonicated for 30 min for extraction at 25°C. The extraction step was repeated twice and the extracted solution was mixed and filtrated through analytical filter paper. The filtered solution was purified with macroporous adsorptive resins eluted with water-ethanol. The elution was vacuum-dried at 55°C and then CMF were obtained.

Reagents and antibodies {#sec2-2}
-----------------------

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, bicinchoninic acid (BCA) protein assay kit, Annexin V-fluorescein isothiocyanate (FITC)/PI staining kit, and RIPA buffer were all purchased from Beyotime (Shanghai, China). Positive drug Adriamycin (ADR) and dimethylsulfoxide (DMSO) were purchased from Sigma (USA). Rhodamine-123 was purchased from Invitrogen (California, USA). Antibodies against the following proteins were purchased: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), cleaved-caspase-3, cleaved-PARP protein (Cell Signaling Technology, Beverly, MA).

Cell lines and culture {#sec2-3}
----------------------

Human chronic myeloid leukemia K562 cell line was used, along with L-02, a cell line representative of normal human liver. K562 cells and L-02 cells were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) plus 100 units/ml penicillin and 100 μg/ml streptomycin (all from Gibco/BRL USA). Both CML K562 and L-02 cells were purchased from the Cell Bank of China Science Academy (Shanghai, China) and cultured in a humidified atmosphere at 37°C and with 5% CO~2~.

Cell viability assay {#sec2-4}
--------------------

Cell viability was assessed by MTT assay.\[[@ref7]\] Briefly, 1.5 × 10^5^ K562 cells/well was dispensed within 96-well plates in 100 μl volumes. Different concentrations of CMF (16, 63, 250, 1000 μg/ml) and positive drug ADR were then added into different wells, and then incubated for 24, 48 and 72 h. In addition, exponentially growing L-02 cells were seeded into 96-well culture plates (6 × 10^4^ cells/well) and allowed to adhere overnight. Cells were then incubated with CMF at various concentrations (62.5, 125, 250, 500, 1000 μg/ml) for 48 h. Each of the concentrations above was regarded as one treated group, while the negative control group contained no CMF. Each CMF-treated or control group contained 3 parallel wells. After culture plates were incubated for indeed time, 20 μl of MTT working solution (5 mg/ml in PBS) was added to each well and incubated continuously for 4h at 37°C. MTT/medium was then removed and formazan was dissolved in DMSO, of which 200 μl/well was added. Finally, the absorbance (A value) of each well was measured at 570nm using a 96-well multi-scanner auto-reader (M450; Bio-rad, USA). The percentage of cell viability was calculated as A~570~(test)/A~570~(control)×100%. The IC~50~ values, defined as the concentration of drug that caused 50% inhibition of absorbance compared with the control cells treated with DMSO only, were calculated using the PrismPad computer program.

Cell cycle distribution analysis {#sec2-5}
--------------------------------

Cell cycle distribution was determined by DNA staining with PI.\[[@ref8]\] The DNA of cells was stained with PI and the population of non-apoptotic cells in different phases of the cell cycle was recorded. Briefly, 3 × 10^5^ K562 cells were treated with various concentrations of CMF (100, 300 and 900 μg/ml) for 48 h. Then the cells were collected and washed twice with phosphate buffer solution (PBS) and fixed in ice cold 70% ethanol overnight. Cells were collected and re-suspended in PBS containing 50 μg/ml PI, 0.1 mg/ml RNase and 5% Triton X-100 and incubated at room temperature for 30 min. Cells were analyzed on a flow cytometer (Becton-Dickinson, CA, USA) and the percentage of cells in the different phases of the cell cycle was analyzed using Becton-Dickinson software. The data were determined by three independent experiments.

Detection of apoptosis {#sec2-6}
----------------------

Apoptosis was measured by flow cytometry after staining with Annexin V-FITC (apoptotic cell marker) and PI (necrotic cell marker).\[[@ref9]\] The staining method was used according to the Annexin V-FITC/PI staining kit. In brief, cells were grown in a 6-well plate at 6 × 10^5^ cells/well in 2.5 ml volumes. The cells were treated with 100, 300 and 900 μg/ml of CMF for 48h. Treated and control cells were harvested, washed twice and re-suspended in 500 μl of PBS plus Annexin V-FITC and PI in dark for 15 min at room temperature. The degree of apoptosis was determined as the percentage of cells positive for Annexin V-FITC/PI. For each sample, at least 1 × 10^4^ cells were analyzed by flow cytometry. The data were determined by three independent experiments.

Western blot analysis {#sec2-7}
---------------------

Caspase activities were determined by Western blot.\[[@ref10]\] Proteins of K562 cells incubated with CMF (100, 300 and 900 μg/ml) for 48 h were extracted in RIPA buffer. Total protein concentrations of whole cell lysates were determined using BCA protein assay kit. Equal amounts of protein samples were loaded onto 8-15% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) gels. After electrophoresis, the proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, USA), probed with primary antibodies, and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies. Specific protein bands were visualized using the chemiluminescence method and imaged by autoradiography. The amount of GAPDH was measured as an internal control.

Assessment of mitochondrial membrane potential transition {#sec2-8}
---------------------------------------------------------

The mitochondrial membrane potential (ΔΨm) was determined in K562 cells after treatment with CMF. Briefly, K562 cells were cultured and treated in 6-well culture plates (6 × 10^5^ cells/well) with or without CMF (300 μg/ml) for 12 h. Then, cells were stained with 1μM rhodamine-123 for 60 min to evaluate the mitochondrial transmembrane potential.\[[@ref11]\] Analysis was performed using a FACS flow cytometer (Becton-Dickinson, CA, USA).

Determination of oxygen consumption {#sec2-9}
-----------------------------------

The oxygen consumption rate in intact cells was measured as an indication of the mitochondrial respiratory activity.\[[@ref12]\] Five million control or CMF-treated cells were suspended in 1ml of culture medium pre-equilibrated with 21% oxygen, the oxygen content in the cell suspension medium was constantly monitored for 10 min and oxygen consumption rate was recorded by using the Oxytherm system (Hansatech Instrument, Cambridge, UK).

Statistical analysis {#sec2-10}
--------------------

Statistical analysis of the data was performed using the one way ANOVA. Data are expressed as mean ± S.D. with significance at *P* \< 0.05 or *P* \< 0.01.

RESULTS {#sec1-3}
=======

CMF inhibited K562 cell viability in a dose- and time-dependent manner {#sec2-11}
----------------------------------------------------------------------

The inhibitory effect of CMF on K562 cells was investigated by varying incubation times in addition to concentrations. As shown in [Figure 1b](#F1){ref-type="fig"}, CMF caused a decrease in the cell viability of the K562 cells in a dose- and time-dependent manner when compared with the control. After a 48h treatment, CMF caused a decrease in the cell viability of the K562 cells with IC~50~ value of 34.1 ± 2.0 μg/ml. ADR was used as a positive control with IC~50~ value of 197.3 ± 6.4 nM/ml.

![Effect of CMF on cytotoxicity in normal human liver cells and on cell viability in K562 cells. (a) Cytotoxic effects of CMF on normal human liver L-02 cells assessed by MTT assay. (b) Cell viability of K562 cells treated with various concentrations of CMF for 24, 48 and 72 h, evaluated by MTT assay. (c) Morphological study of K562 cells treated with CMF (300 μg/ml) for 48 h with inverted light microscope (×100). Data are means ± S.D. of three repeats. \**P*\< 0.05 and \*\**P*\< 0.01 vs. untreated control](PM-10-325-g001){#F1}

Additionally, the morphological changes of K562 cells treated with CMF (300 μg/ml 48 h) were observed under inverted microscope. As shown in [Figure 1c](#F1){ref-type="fig"}, in general, untreated K562 cells were found to be rotundity shape and the karyopyknosis phenomenon was seldom seen. The growth of cells treated with CMF was inhibited and irregular cells with different sizes were also observed, resulting in cell body enlargement.

CMF exerted low cytotoxicity on normal human cells {#sec2-12}
--------------------------------------------------

The L-02 cell line was used to assess the degree of cytotoxicity exerted by CMF on normal human cells.\[[@ref13]\] According to the MTT assay results shown in [Figure 1a](#F1){ref-type="fig"}, the growth inhibitory rate was less than 30% at the highest concentration (1000 μg/ml), which indicated that CMF exerted low cytotoxicity on normal human L-02 cells.

CMF induced cell cycle S arrest {#sec2-13}
-------------------------------

On the basis of the above data, the effects of CMF on cell cycle progression were further investigated. The relative frequencies of cells in each cell cycle phase were estimated by propidium iodide (PI) mediated cellular DNA content measurement. After a 48 h treatment with CMF at different concentrations (100, 300 and 900 μg/ml), the K562 cells were harvested, PI stained and subjected to flow cytometric analysis. As summarized in [Figure 2](#F2){ref-type="fig"}, as compared to the control cells, there was a significant reduction in population of cells in G0/G1 phase, while an accumulation of cells in S phase. Cells without CMF exposure demonstrated S population of 26.4 ± 3.2%, when treated with 100 μg/ml CMF, 29.3 ± 3.4% of the cells were arrested at the S phase of the cell cycle and when treated with 300 and 900 μg/ml CMF, the S fraction rose to 36.1 ± 4.2% and 46.5 ± 5.3% respectively. These results indicated that CMF arrested K562 cells in the S phase.

![CMF-induced cell cycle S arrest. Evaluation of cell cycle by PI staining assay and flow cytometer analysis after CMF treatment (100, 300, 900 μg/ml) for 48 h. Percentages of cells in subG1 (M1), G1 (M2), S (M3), and G2/M (M4) phase are presented in histogram. The images are representative of three separate experiments. \**P*\< 0.05 and \*\**P*\< 0.01 vs. untreated control](PM-10-325-g002){#F2}

CMF induced apoptosis through a caspase-mediated pathway {#sec2-14}
--------------------------------------------------------

To determine whether CMF also decreased cell survival by the induction of apoptosis, K562 cells were cultured with CMF at different concentrations (100, 300 and 900 μg/ml) for 48 h and then assessed with Annexin V-FITC/PI dual staining assay. As shown in [Figure 3a](#F3){ref-type="fig"}, cells in the lower left quadrant were negative for both Annexin V-FITC and in PI; in the lower right, positive for Annexin V-FITC, which indicated cells in the early stages of apoptosis; in the upper left, positive for PI only, which indicated cells that were dead; and in the upper right, positive for both Annexin V-FITC and PI, which indicated in cells in the later stage of apoptosis or necrosis. The values indicated in the quadrants show the percentage of cells positive for both Annexin V-FITC and PI or Annexin V-FITC alone. The results showed that the CMF treatment increased the percentage of late apoptotic cells (stained for both Annexin V-FITC and PI) from 2.9 ± 1.6% in the control group to 73.2 ± 5.9% in CMF-treated group (900 μg/ml).

![CMF induced apoptosis through a caspase-mediated pathway in K562 cells. (a) Evaluation of apoptosis by Annexin V-FITC/PI dual staining assay and flow cytometer analysis after CMF treatment (100, 300, 900 μg/ml) for 48 h. (b) Effects of CMF on the expression of caspase-3 and PARP proteins. Equal amounts of whole cell lysates (50 μg) were subjected to Western blot analysis. The amount of GAPDH was measured as an internal control](PM-10-325-g003){#F3}

Next, the effects of CMF on the caspase family proteins were analyzed in K562 cells. The results demonstrated that CMF, at a concentration of 900 μg/ml, caused significantly activation of cleaved caspsed-3, which was accompanied by an evident cleavage of poly ADP-ribose polymerase (PARP, a major substrate of caspase-3), which denoted the involvement of the caspase in CMF-triggered irreversible apoptosis ([Figure 3b](#F3){ref-type="fig"}). These results together suggested that CMF-driven apoptosis was mediated by caspase activation.

CMF-induced apoptosis is related to mitochondrial dysfunction {#sec2-15}
-------------------------------------------------------------

To determine the underlying mechanism of apoptosis induced by CMF, the mitochondrial transmembrance potential (ΔΨm) was first evaluated. As shown in [Figure 4a](#F4){ref-type="fig"}, as compared to the control cells, the ΔΨm was rapidly decreased following treatment with CMF (300 μg/ml) only for 12 h.

![CMF-induced apoptosis related to mitochondrial dysfunction in K562 cells. (a) Cells treated with CMF (300μg/ml) for 12h were stained with rhodamine-123 to evaluate the mitochondrial transmembrane potential. (b) Alteration of oxygen consumption in K562 cells incubated with CMF (300ug/ml) for 12h compared with control. The images shown here are representative of three separate experiments](PM-10-325-g004){#F4}

Another striking change in mitochondrial function observed in CMF-treated cells was the significant reduction in mitochondrial respiratory chain activity, as evidence by a substantial decrease in oxygen consumption rate. According to [Figure 4b](#F4){ref-type="fig"}, the oxygen consumption rate of treated cells was much lower than that of the control cells for only 12 h CMF (300 μg/ml) treated. These results provided evidence that CMF-induced apoptosis in K562 cells related to mitochondrial dysfunction.

DISCUSSION {#sec1-4}
==========

Recently, there has been a global trend toward the use of natural substances present in herbs as medicine. Current chemotherapeutic agents are known to destroy both cancerous and non-cancerous cells.\[[@ref14]\] Thus, there is an urgent need to find new anticancer drugs that can kill cancerous cells with minimal toxicity to non-cancerous cells. There are roughly 13,000 medicinal methods in China and over 100,000 medicinal recipes recorded in the ancient literature. Undoubtedly, these traditional Chinese medicines are the abundant natural resources to search for new drugs. There is also some evidence that the cytostatic effect of multiple compounds in a whole plant extracts on cancer cells is often better than the effect of their particular biologically active compounds.\[[@ref15]\] It has been suggested that there are multiple active ingredients in Chinese medicinal herbs which may inhibit the malignancies effectively through one or more of the following mechanisms of tumor metastasis: (i) induction of cells differentiation, (ii) interruption of DNA synthesis or blockage of cell division, and induction of cell apoptosis.\[[@ref16][@ref17]\]

Although many studies have demonstrated that the *C. militaris* is effective in treating cancers, few researches focus on its effect on human chronic myeloid leukemia in detail. In the present study, we investigated the effects of CMF on the proliferation and induction of apoptosis of K562 cells, and tried to determine the possible mechanisms of its antitumor effect.

The *in vitro* cytotoxicity analysis indicated that CMF showed a strong anti-proliferative effect on K562 cells with IC~50~ value of 34.1 ± 2.0 after 48 h incubation. In addition, CMF displayed less toxicity on normal human cell line L-02. The result of cell cycle analysis evaluated by flow cytometer showed that CMF could induce S phase arrest and apoptosis in K562 cells. Western blot analysis showed that CMF could cause significantly activation of cleaved caspsed-3, which was accompanied by an evident cleavage of PARP. These data proved the involvement of the caspase in CMF-triggered irreversible apoptosis in K562 cells.

It is known that mitochondria play an essential role in the regulation of apoptotic cell death, since both the intrinsic and extrinsic apoptosis pathways can converge at the mitochondrial level and trigger mitochondrial membrane permeabilization.\[[@ref18]\] To determine the underlying mechanism of apoptosis induced by CMF, the mitochondrial transmembrance potential and the oxygen consumption rate of CMF-treated cells were then compared with those of the untreated cells. According to the results, the mitochondria function may be disrupted by decreased mitochondria transmembrance potential after CMF treated, indicating with the lower oxygen consumption rate. These data suggested that CMF-induced apoptosis might be involved by the mitochondrial dysfunction. Therefore, CMF may, in the future, have potential therapeutic applications for chronic myeloid leukemia.
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